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Abstract

This study examines the uncertainty in forecasts of the January-February-March (JFM)

mean extratropical circulation, and how that uncertainty is modulated by the E1

Nifio/Southern Oscillation (ENSO). The analysis is based on ensembles of hindcasts made

with an Atmospheric General Circulation Model (AGCM) forced with sea surface

temperatures observed during the 1983 E! Nifio and 1989 La Nifia events. The AGCM

produces pronounced interannual differences in the magnitude of the extratropical seasonal

mean noise (intra-ensemble variability). The North Pacific, in particular, shows extensive

regions where the 1989 seasonal mean noise kinetic energy (SKE), which is dominated by

a "PNA-like" spatial structure, is more than twice that of the 1983 forecasts. The larger

SKE in 1989 is associated with a larger than normal barotropic conversion of kinetic

energy from the mean Pacific jet to the seasonal mean noise. The generation of SKE due to

sub-monthly transients also shows substantial interannual differences, though these are

much smaller than the differences in the mean flow conversions. An analysis of the

generation of monthly mean noise kinetic energy (MKE) and its variability suggests that the

seasonal mean noise is predominantly a statistical residue of variability resulting from

dynamical processes operating on monthly and shorter times scales.

A stochastically-forced barotropic model (linearized about the AGCM's 1983 and 1989

base states) is used to further assess the role of the basic state, submonthly transients, and

tropical forcing, in modulating the uncertainties in the seasonal AGCM forecasts. When

forced globally with spatially-white noise, the linear model generates much larger variance

for the 1989 base state, consistent with the AGCM results. The extratropical variability for

the 1989 base state is dominanted by a single eigenmode, and is strongly coupled with

forcing over tropical western Pacific and the Indian Ocean, again consistent with the

AGCM results. Linear calculations that include forcing from the AGCM variance of the

tropical forcing and submonthly transients show a small impact on the variability over the

Pacific/North American region compared with that of the base state differences.



1. Introduction

It isnow well understoodthat,for theseasonalpredictionproblem,themeanresponseof

theatmosphereto anomalousboundaryforcingis butoneaspectof amoregeneral
stochasticsolutionthatincludesvarioushigherordermomentsthatdefineaprobability

densityfunction(PDF,e.g.Barnett1995;KumarandHoerling 1995,Kumaret al.2000).
At theseasonaltime scale,theuncertaintiesdueto initial conditionerrorshavesaturatedin

thesensethatthestatisticsassociatedwithplanetaryandsynopticscalesystemshavefor

themostpartlostall memoryof theinitial conditions.Nevertheless,thesaturatedstatistics
canbeinfluencedor modulatedbyslowlyvaryingboundaryforcingsuchasanomalous

seassurfacetemperatures(SSTs).In this study,weexaminehowtropicalSSTanomalies

associatedwithENSOimpacttheuncertaintyof extratropicalseasonalforecastsmadewith

anatmosphericgeneralcirculationmodel(AGCM).

Theimpactof thetropicalSSTanomaliesontheuncertaintyof theextratropicalresponse

canbedirect,for exampleasaresultof changesin variability(uncertainty)of thetropical

forcing,or indirect,throughchangesin thebasicstateor thevariabilityof subseasonal

transients.It is alreadywell establishedthattransientsplay animportantrolein themean

extratropicalresponseto ENSO(e.g.Kok andOsteegh1985;Heldetal. 1989). Several
recentstudieshavefocusedonhowthetransientsareinfluencedbyandfeedbackon the

forcedENSOresponse.For example,Branstator(1995)emphasizetheroleof selective
feedbacksbetweenthetransientsandforcedresponse.ChertandVandenDool (1997)

examinehowENSOimpactssubseasonallow frequencyvariabilityovertheNorthPacific,

andshowthatbothblockinganddeeptroughflowsdeveloptwiceasoftenovertheNorth

PacificduringLa Nina ascomparedwithEl Ninowinters. Theyfurthershowthatthe
differencein magnitudeof thelow frequencyvariabilityis theresultof increasedenergy

extractionby thelow frequencytransientsfromthemeanflow andanenhancedroleof

high latitudehighfrequencytransientsin developingandmaintainingblockedflowsduring
La Nina winters.

Kumaret al. (2000)employedensemblesof AGCM simulations forced with observed

SSTs for the period 1950-94 for four different models to investigate the impact of SST

forcing on the second moment statistics or spread. They find, based on a composite of all

warm and cold events, a significant but small reduction in spread over the North Pacific

during the warm events and little impact on the spread during cold events. They further

suggest that the contribution to seasonal predictability from changes in spread are small

compared to the impact of the SST on the mean. Sardeshmuhk et al. (2000) analyzed very
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largeensemblesof seasonalmean(JFM)forecastsgeneratedwith theNationalCentersfor
EnvironmentalPrediction(NCEP)AGCM for neutral,warm(1987)andcold (1989)

ENSOconditions.Theyfoundthatthegeopotentialheightresponseis,in general,more
variablefor the 1987SSTthanfor the1989SST,thoughboththewarmandcold

experimentsshowedincreasedvariabilityovertheNorthPacificcomparedwith theneutral
ENSOconditions.Theyspeculatethattheincreasedvariabilityin thegeopotentialheight

responsefor 1987is in partdueto increasedvariabilityin rainfall in thecentralequatorial

Pacific.

In thisstudyweexaminetheroleof ENSOin modulatingthenoise(intra-ensemble

variance)of borealwinterforecastsfor two cases:the1983warmeventandthe 1989cold

event.We takeacasestudyapproachtohelp isolatethedominantcontrolson the

variability duringextremeevents,andto avoidaveragingdifferentENSOeventsthatcan

havequitedifferentatmosphericteleconnectioncharacteristics(e.g.PalmerandMansfield

1986).We examinetheroleof thebackgroundstate,andinterannualchangesin the intra-
ensemblevarianceof thetropicalforcingandmiddlelatitudetransients.Thestudyutilizes

ensemblesof hindcastswith anearlyversionof theGoddardEarthObservingSystem

(GEOS-2)AGCM. TheAGCM resultsarediagnosedwithin akineticenergyframework,
andwith theaidof astochastically-forcedbarotropicmodellinearizedabouttheAGCM

ensemblemeanstates.

Section2 givesanoverviewof theAGCM andforecastexperiments.TheAGCM results

arepresentedin section3. Theresultsof thestochastically-forcedbarotropicmodel
linearizedabouttheAGCMensemblemeanflow arepresentedin section4. Thesummary

andconclusionsaregivenin section5.

2. The Model and Forecast Experiments

The AGCM is an early version of the Goddard Earth Observing System (GEOS-2) model

described in (Chang et al. 2000). It has 43 sigma levels extending up to 10mb and a

horizontal resolution of 2 ° latitude by 2.5 ° longitude. The mean ENSO response of this

model is described in Chang et al. (2000) based on an ensemble of nine forecasts starting

in mid-December for each winter season (JFM) for the period 1980/81 through 1994/95.

The results of that study suggest that the ENSO response in the GEOS-2 model tends to be

weak. In fact, a comparison of the ENSO response in a number of different models

(Shukla et al. 2000) shows a wide range of signal to noise ratios over the Pacific/North



Americanregion.Theissueof modeldependenceandits potentialimpacton theresultsof

this studyis addressedin theconclusions.

Ensemblesof 5-10members,typicalof manypreviousAGCM experimentsfocusingon

theensemblemeanresponse,arelikely toosmallto obtainreliablehighermomentstatistics.

In thisstudy,wegenerateensembleswith 27membersto providemorereliableestimates
of thesecondmomentstatistics.Theissueof statisticalsignificancewill bediscussedin the

nextsection.Theinitial conditionsarebasedon theGEOS-Ireanalysis(Schubertet al.

1993). The27perturbationsto the initial conditionsaregeneratedbytakingthedifference
betweentwo randomlychosenDecemberstatesseparatedbytwelvehours,andaddingthat
differenceto the15December(1982or 1988)basestate(seeSchubertandSuarez1989).

In all AGCM experimentsdescribedhere,theSSTandseaiceareprescribedusing
observedmonthlyboundaryconditions(ReynoldsandMarsico 1993). Soilmoistureis

prescribedasdescribedinChanget al. (2000).

3. AGCM Results

As described in Quiroz (1983); the warm event of 1982/83 was one of the strongest E1

Nino episodes of the century with the lowest recorded value of the Southern Oscillation

index (3.5 standard deviations below normal) since 1935, and December - February (DJF)

sea surface temperature anomalies exceeding 3°C over much of the eastern equatorial

Pacific. The wintertime Northern extratropics were characterized by an unusually deep

Aleutian Low, an enhanced and eastward extended Pacific jet, and a positive height

anomaly over the Atlantic-Eurasian sector. Cyclone tracks and the jet over the Pacific and

United States were south of their normal position, while major wintertime blocking

episodes were confined to the Atlantic and European sectors.

The cold event during DJF of 1988/89 was characterized by SSTs of more than 1 degree

below normal throughout the central and eastern equatorial Pacific (e.g. Arkin 1989).

Large positive height anomalies (exceeding 120m) occurred over the eastern North Pacific

acting to divert weather systems to the north of their usual tracks. The east Pacific anomaly

was part of a larger scale anomaly pattern consisting of above normal heights at 500mb in

the middle latitudes and below normal heights over the poles in both the northern and

southern hemispheres. Considerable month-to-month variability occurred over the United

States with near normal temperatures in December, very warm in January and very cold in

February.



The mean circulation anomalies for January through March (JFM) of 1983 and 1989 are

depicted in Figures la and lb in terms of selected isolines of streamfunction or streamlines

of the 200mb non-divergent wind. The heavy lines are the observed values from the

GEOS-I reanalysis. The thin lines are from the 27 model hindcasts. Both the observations

and model JFM hindcasts show the large differences during these two events over the

eastern North Pacific discussed above and reflected here in the largely zonal flow

extending across the Pacific into the western United States during the warm event, and the

strongly diffiuent flow during the cold event.

Another major difference between the two events is in the AGCM's intra-ensemble spread

in the streamlines. The 1983 warm event shows a close packing of the JFM streamlines

over the central and eastern North Pacific, while for the 1989 cold event there is

considerable intraensemble spread. This indicates a substantially greater uncertainty in the

hindcasts of the cold event in the diffluent regions of the North Pacific. Over the North

Atlantic, there is some tendency for the flow to be more diffluent and the uncertainty to be

larger during 1983. The observed JFM streamlines lie near the edge of the model's range

of outcomes reflecting the model's tendency to produce a weaker than observed response to

the SST anomalies (Chang et al. 2000).

Figures lc and ld shows the dominant EOFs of the seasonal mean noise or intra-ensemble

variability in the 200mb stream function for 1983 and 1989, respectively. The dominant

EOF in 1983 has a strong component in the North Atlantic sector reflecting the somewhat

larger variance in that region compared with the Pacific during this year. This mode

explains 30% of the intra-ensemble variance. The north/south dipole at high latitudes and

the zonally-elongated structure of the EOF are features that bear some resemblance to the

western North Atlantic pattern found in the observations on monthly and longer time scales

(Wallace and Gutzler 1981). In the Pacific the EOF also shows a north/south structure and

zonally-elongated anomalies. We note that the second EOF shows astructure which

resembles the Pacific/North American (PNA) pattern (Wallace and Gutzler 1981). During

1989, the dominant EOF of the intra-ensemble variance of the JFM mean stream function

shows a well-defined PNA structure. This mode explains 38% of the intra-ensemble

variance.

The test for determining the statistical significance of the differences in the intra-ensemble

variability between the two years is based on the F-distribution (e.g. DeGroot 1975). With

27 ensemble members, and under the null hypothesis that the variances for 1983 and 1989



arethesame,theratioof theunbiasedvarianceestimateshasanF(26,26)-distribution.
Theratioof the 1989to 1983total intra-ensemblevariances(Figureslc andld) shows

clearlythatthesignificantextratropicaldifferencesin variabilitybetweenthetwoyearsare

largelydueto thegreatervariabilityof thePNA modeduring1989.Wenotethattheregion
of enhancedvariabilityovertheNorthAtlanticduring1983isonly marginallysignificant.

We nexttakeabrief look atthevarianceof thesubseasonaltransients,how it compares

with theobservedvariance,andits intra-ensemblevariability. Asweshallsee,it is the

latterthatpotentiallyimpactstheinterannualdifferencesin theseasonalnoise.Figure2

comparestheobser_edand AGCM submonthlyvariabilityof the200robstreamfunction.

Variability on timescaleslongerthanonemonthbutshorterthanoneseasondoesnot

contributesignificantlyto thekineticenergyconversionterms(seebelow),sowedonot
includeit here.TheAGCM resultsaretheaveragevariancesfrom all 27ensemble

members,while theobservationsareof coursefrom asinglerealization.Boththemodel
andobservationsshowsubstantialdifferencesin thesubmontblyvariabilityovertheeastern

NorthPacificandwesternNorthAmerica.During 1983,thehighestvariabilityoccursin a

narrowlatitudinalbandextendingacrossthePacificinto NorthAmerica,whileduring1989

theregionof highvariabilityhasagreaterlatitudinalrange,extendingwell northof 60°N.
Boththemodelandobservationsshowatendencyfor greatervariabilityin theNorth

Atlantic in 1983,thoughin theobservationstheregionof maximumvariabilityliesfarther

to thenorth. In themodel,thelargestvariabilityoccursin 1989in Pacificstormtrack

betweenJapanandHawaii,andoverthewesternUnitedStates.We notethatboththe
modelandobservationsshowhighersubmonthlyvariabilityduring1989extending

southwardinto thetropicsthroughouttheeasternPacific(notshown),suggestinggreater

propagationinto thetropicsduringthis year.

It isdifficult to determinewhetherthedifferencesin submonthlyvariabilitybetweenthe

modelandobservationsreflectssamplingerrorsor modelerrors. Manyof the localized

featuresarelikely dueto samplingdifferences.Thatis,thenoiserstructurein the

observationslikely reflectstheoccurrenceof just afeweventsduringJFM,while the
modelresultsincludetransientsfrom 27differentJFM realizations.Forexample,the large

but localizedregionof submonthlyvariabilityobservedovertheNorthAtlanticduring1983
is notevidentin theaveragestatisticsfrom theAGCM. To helpsortout thesedifferences

weplot in Figure3 theintra-ensemblestandarddeviationof theAGCM submonthly

variance.Largeintra-ensemblevariabilityof thesubmonthlyvariabilityoccursovermuch
of theNorthPacificandwestcoastof theUnitedStatesduring1989,suggestingthatthe

differenceswith theobservationsin thisregionarelikely dueto samplingerrors.Theintra-



ensemblevariabilityof thesubmonthlyvariabilitytendsto besmallerduring1983,

however,theregionof largediscrepancybetweenmodelandobservationsin theNorth

Atlanticdoestendto bearegionof enhancedintra-ensemblevariability.

In thefollowing,weexaminethenatureof the interannualdifferencesin theJFM noise

varianceusingakineticenergyframework.The ensemblemeanseasonalmeannoise

kineticenergy(SKE)or intra-ensemblevariabilityis definedas

SKE=I/2@ .2 -'I'-V"2 ), (1)

where the star denotes a deviation from the ensemble mean, the angle bracket denotes an

ensemble mean, the overbar is a seasonal (JFM) mean, and u and v are the zonal and

meridional wind components. Figure 4 shows the interannual differences in SKE.

Consistent with Figure 1, pronounced interannual differences in SKE occur over the North

Pacific, with 2 to 3 times more SKE during 1989. The reverse is true over the North

Atlantic although the differences between the two years are smaller, and the overall

magnitudes are considerably less than the 1989 North Pacific values.

The local barotropic conversion terms (e.g. Simmons et al. 1983) in the equation governing

the SKE are approximately:

(2a)

and

C2 = u '2 - v'--5")* + u-7-_* + (2b)

Here, the prime denotes a deviation from the seasonal mean, and the star and overbar are as

in (1) above. CI is the conversion of kinetic energy from the ensemble mean flow to the

SKE, and C2 is the conversion of kinetic energy from the subseasonal transients to the

SKE. We will also refer to C 1 as the generation of SKE due to the mean flow, and C2 as

the generation of SKE due to the subseasonal transients. The approximate form of CI in

(2a) is obtained by dropping the term involving the zonal gradient in the mean meridional

wind, which tends to be small (Simmons et al. 1983). The E-vector (Hoskins et al. 1983)

is defined here for the seasonal mean intra-ensemble anomalies as



(3)

From the simplified form of CI it is clear that when the E vectors point in the direction of

the gradient of the mean zonal wind there is a growth of SKE. In the case of C2, the

generation of SKE occurs if the E vectors of the subseasonal transients (not shown) tend to

point in a direction opposite to the gradient of the seasonal mean zonal wind anomalies

Figures 5a and 5b show the E-vectors of the seasonal mean noise (3) superimposed on the

ensemble mean 200mb zonal winds for 1983 and 1989, respectively. During 1983 the

Pacific jet (winds greater than 30m/s) extends eastward across North America to connect

with the Atlantic jet. In contrast, during 1989 the Pacific jet is retracted westward with

enhanced winds just off the east Asian coast resulting in strong zonal gradients in the zonal

wind in the central Pacific. Also, in 1989 the Altantic jet is weaker and shifted to the north

compared to 1983. In both years, the E-vectors are directed towards increasing zonal wind

in the Pacific jet exit region, indicating a generation of SKE due to the mean flow. Larger

E-vectors during 1989, together with the stronger zonal wind gradients associated with the

retracted Pacific jet, result in a much larger generation of SKE during 1989 (Fig. 5d). In

the Atlantic sector, the larger generation of SKE occurs during 1983 in association with the

stronger Atlantic jet during that year (Fig. 5c).

The generation of SKE due to the subseasonal transients (term C2) is shown in Figure 6.

We consider only the submonthly transients (Figures 6a and 6b), because the contribution

from transients with time scales between one month and one season (not shown) is small.

C2 tends to be positive and largest in the jet exit regions and over the eastern oceans.

Compared with C 1, these conversion terms tend to be small. It is noteworthy, however,

that the maxima in C2 tend to occur further to the east. Figures 6c and 6d show the

contribution to C2 by weather systems alone (time scales less than 10 days). The strong

resemblance to the contribution from the full submonthly variations, suggests that much of

the conversion is accomplished by the short period (weather) transients. The main

exception is in the Gulf of Alaska where variability with time scales longer than 10 days

provides the greatest contribution to the kinetic energy conversion.

While the above results suggest that barotropic conversion from the mean flow is an

important source of SKE, it is possible that the noise is generated on shorter time scales

(e.g. monthly), and that the seasonal noise is largely a statistical residual of subseasonal



variability. In orderto addressthisquestionwecomparethevarianceof theseasonalmean
noiseto themonthlymeannoise. If eachseasonalmeanisconsideredasanaverageof

threemonthlymeansthatareuncorrelated,thevarianceof theseasonalmeansisjust one

thirdof thevarianceof themonthlymeans.In thatcase,with anensemblesizeof 27, the
ratioof thevarianceof theseasonalmeansto onethirdthevarianceof themonthlymeans

hasanF(26,78)distribution. This is, however,only approximatelytruebecausetheF test

doesnotstrictlyapplyheresincethenumeratoranddenominatorarecomputedfrom the
samedataandarenot independent.To circumventthisproblem,thequantilesareactually

obtainedempiricallyusing10000realizationsof 27x3unit normalsto generatethe
variancesratios. Valuesof theratiogreaterthan1.4(1.55)indicateatthe5%(1%) level
thatthevarianceof theseasonalmeansis significantlylargerthanwouldbeexpectedfor

uncorrelatedmonthlymeans. Figure7 showstheratioof thekineticenergyof the

seasonalmeansto i/3 of thekinetic energyof themonthlymeans.Theratioexceeds1.4in

only afew locationsindicatingthatmuchof theseasonalmeanvariancecanbeexplainedas
astatisticalresidualof variability occurringatmonthlyandshortertimescales.Wenote

thattheareaswith kineticenergyratiosexceeding1.4tendto occurin theregionsof

maximumspatialgradientof thedominantstreamfunctionEOFsshownin Figure1.

Theimplicationof theaboveresultsis thattheunderlyingdynamicalprocessesgenerating
thenoisevarianceareacting,notonseasonaltimescalesbut,on monthlyandshortertime
scales.Thetimescalesassociatedwith thebarotropicgenerationfromthemeanflow in

linearcalculationsis rathersensitiveto thebasicstate(e.g.Simmonset al. 1983;Borges

andSardeshmuhk,1995;section4). Observationsshowthatthebarotropicgeneration

from themeanflow tendsto be positivefor anomalieswith timescalesasshortas20days,

thoughtheefficiencyof theconversionis greaterfor lowerfrequencymodes(Schubert

1986).Also,non-modalgrowthof decayingnormalmodescanleadto largeenergy
increasesovershorttimeintervals(BorgesandSardeshmuhk,1995;Sardeshmukhetal.

1997).While it is beyondthescopeof thispaperto determinethedominanttimescalesof

low frequencyvariability(seealsoFeldstein1999),ourpoint hereis thatunderstandingthe

natureof theseasonalnoiserequiresunderstandingdynamicalprocessesthatgenerate

variability ontime scalessubstantiallyshorterthanoneseason. Figure8shows,for

example,thegenerationof monthlymeannoisekineticenergy(MKE) dueto energy
conversionfrom thesubmonthlytransientsandthemeanflow. Theresultsare,to a large

extent,similar to thosefoundfor theSKE. The generationof MKE fromthemeanflow

overtheNorthPacificis muchlargerduring1989thanduring1983.Thereverseis true
overtheNorthAtlantic. Also, thecontributionfromthesubmonthlytransientsoverthe
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NorthAtlantic is largerduring1983comparedwith 1989,however,this termis again

substantiallysmallerthantheconversionfrom themeanflow.

In additionto dynamicalinteractionswith thebasicstateandsubseasonaltransients,

extratropicalvariability iswell-kownto beinfluencedby thetropicson theseasonaltime

scale(e.g.Palmer1987).Whetherthis is importantfor intra-ensemblevariability (in the

absenceof tropicalSSTvariations)is unclear.A singularvaluedecomposition(SVD, e.g.
Brethertonet al. 1992)of the200mbstreamfunctionandprecipitationseasonalmeannoise

(Figure9) suggeststhatthis maybethecase.ThedominantSVD modefor 1983(Figure

9a)showsastrongcovariability(48.5%of totalsquaredcovariance)betweenprecipitation
anomaliesin theIndianOceanandIndonesia(theleft singularvector)andawavetrain

extendingacrossthePacificandalongthewestcoastof theUnitedStates(theright singular

vector). In theNorthAtlanticthemodeexhibitsanorth/southdipolethatis in quadrature
with thefirst streamfunctionEOF(Figurelc). ThedominantSVD modefor 1989

(Figure9b)showsanevenstrongercovariability(58%)betweeneast/westdipolepatterns
overIndia andIndonesiaandthePNApattern(thedominantEOFshownin Figure ld).

ThePNA is alsoassociatedwith substantialprecipitationanomaliesin theNorthPacific.

Thecorrelationbetweenthetwotimeseriesobtainedby projectingthe1989precipitation

andstreamfunctiondataontothedominantleft andright singularvectorsis quitehigh

(0.96). Therefore,theprecipitationmode(left singularvector)explainsasubstantial

fraction(about35%=0.962X 38%) of thevarianceof theseasonalmeanstreamfunction

noise,thoughit is likely thatthispartly reflectsthelocal responseof theprecipitationto the

extratropicalPNA circulationanomalies(Figure9b).

ThePNA modeis clearlyarobustfeatureof the1989seasonalmeannoise,showingupas

thedominantmodein boththeEOFandtheSVDanalysis.A structureverysimilar to the

first SVD appearsasthedominantmodein acanonicalcorrelationanalysis(CCA, not

shown).This isnoteworthysince,in theCCA,thefields arenormalizedsothatthe
structuresarenot influencedbythelargeinhomogenitiesin theprecipitationdistribution

(seeFigure13). While thePNA patternis robust,thenatureof the link to tropical

precipitationvariabilityis notclear.Thevertically-integratedmoistureflux associatedwith
this mode (notshown)suggeststhata leastsomeof thetropicalvariabilityis inducedby

theextratropicalmodeasit extendsequatorwardandinfluencesthetropicaldivergence.

HigginsandSchubert(1996)foundasimilarcouplingbetweenthetropicsandNorth

Pacificpositiveheightanomaliesonsubseasonaltimescalesin bothanalysesandmodel

simulations.In particular,theyfoundasubstantialfeedbackto thetropicsby the

extratropicalanomaliesduringtheirmaturephase.However,thatstudyalsofound
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evidence of a tropical precursor to the development of the extratropical anomalies associated

with precipitation anomalies in the western Pacific linked to the Madden Julian Oscillation.

In the next section we use a stochastically-forced linear barotropic model to further examine

the role of forcing and the basic state in the generation of low frequency noise.

4. Linear Model Results

The linear model (Branstator 1985) is the nondivergent barotropic vorticity equation

linearized here about a base state obtained from the GEOS-2 AGCM hindcasts. The model

is discretized using spherical harmonics truncated at R15 and steady solutions are directly

solved for using matrix operations. The model has second order diffusion with a

coefficient of 2.5X10 5 mZs _. There is also Rayleigh friction with a coefficient of 3.86x10

6, which corresponds to a damping time of 3 days. The damping, while somewhat

stronger than typically used, is not inconsistent with data (Klinker and Sardeshmukh

1992).

For the cases presented here, to be consistent with the analysis of the previous section we

linearize about the 200rob streamfunction, though the calculations have also been done at

300rob, and all of the conclusions we reach are unchanged. Linear calculations are carried

out using the 1983 and 1989 AGCM seasonal mean ensemble mean states, as well as a

control state consisting of the average of the 15 years (1980-95) by 9 member ensembles

generated previously with the GEOS-2 model (Chang et al. 2000). For later comparison

with the linear calculations, Figure 10 shows the global distribution of the 200rob stream

function standard deviation (superimposed on the zonal wind) obtained from the AGCM.

This shows that, in addition to the variability over the North Atlantic and Pacific Oceans

already discussed, considerable variability (also enhanced in 1989) occurs in the jet

entrance region of the Pacific jet centered near 70°E.

The linear calculations are performed with a number of different idealized global forcing

distributions. Our baseline forcing is white homogeneous noise in space. For any

particular solution, the forcing at each gridpoint is found by drawing from a uniform

random distribution with values ranging from -1 to 1. We consider two other forcing

distributions based on the variance of the AGCM solutions. For these cases, an envelope

is applied to the baseline white noise forcing based on the standard deviations of the

AGCM's precipitation and submonthly vorticity flux divergence. In all cases, 500
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solutions were used to find variances. As described in Dymniikov (1989) and Branstator

(1990), the set of solutions with completely unorganized forcing provides information

about the role of barotropic dynamics and the climatological mean state in giving structure

to low-frequency perturbations. On the other hand, calculations with envelope forcing

indicate whether the spatial distribution of the forcing and year to year changes in that

distribution affect seasonal perturbations.

Figure 11 shows the standard deviation of the stream function from the linear calculations

with the baseline white noise forcing for the 1983, 1989, and the control base states. The

control (Figure 1 lc) shows broad maxima in variance over the North Pacific, North

Atlantic and south Asia. These are broadly similar to the regions of high variance found in

the AGCM (cf. Figure 10c). The 1983 variance is similar to that of the control in both

magnitude and distribution, though there is somwhat less variance over the North Pacific.

Consistent with the AGCM results, 1989 (Figure 1 lb) shows considerably more variance

than either 1983 or the control, though the locations of the maxima differ. For example,

the large maxima over the North Pacific are shifted further east in the linear model

solutions. Also, the high latitude Aleutian maximum is absent from the linear calculations.

The localized nature of the regions of large variance for 1989 suggests the variability for

this year might be dominated by a single mode. This is confirmed in Figure 12a which

shows the dominant eigenmode. This mode has an e-folding time of 6.6 days (in the

absence of damping) and it is stationary. For comparison, the fastest growing mode for the

control base state is stationary and has an e-folding time of 16.3 days. For the 1983 base

state, it e-folds in 17.6 days and has a period of 2130 days. For the control and 1983 base

states, no single mode dominates the variance.

An SVD analysis of the forcing and stream function for 1989 (SVD 1 in Figures 12b and

12c) shows that Indonesia and the Indian Ocean are the regions most responsible for the

middle latitude response. SVD 1 explains 19.4% of the covariability. This contrasts with

the control and 1983, where the first SVDs (not shown) explain only 8.6 and 8.4% of the

covariability, respectively. While differing in details, the linear results for 1989 are similar

to the AGCM results (Figure 9b), in that a single perturbation midlatitude structure

becomes important over the North Pacific and North America, and the main connection

between the forcing and response is the covariability between the dominant eigenmode and

the forcing over Indonesia and the Indian Ocean.
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Theintra-ensemblevarianceof theAGCM tropicalprecipitation(Figure13)shows

considerableinterannualdifferences,which mayhaveaninfluenceontheextratropics.

For example,morevarianceoccursin theeasterntropicalsouthPacificfor thewarmevent
(1983),while for 1989largervarianceoccursovertheIndianOcean.To mimic these
differencesin theAGCM forcingin the linearcalculations,weconstructfamiliesof forcing

functionsthattakeinto accountthethreeprecipitationnoisedistributionsof Figure13.

Usingtheassumptionthattropicalprecipitationanomaliesproduceuppertropospheric

divergenceanomaliesof identicalhorizontalstructureandtakingintoaccountonlythe

vorticity stretchingthatwould result,we form forcingfunctionsbydrawingrandom
numbersandmutiplyingthemby thestandarddeviationof precipitationtimesthecoriolis

parameter.Polewardof 20degrees,wheretherelationshipbetweenprecipitationanomalies
andeffectivevorticity sourcesis notreadilyapproximated,forcingis setto zero. Since

eachof ourcomparisonsof thedifferentbasestatesis restrictedto thesametypeof forcing

(e.g.wedonotcompareenvelopeto non-envelopeforcing),noattemptis madeto scalethe

forcingto makeit physicallyreasonable.

For eachyear'sbasestate, solutionsarecomputedusingtheprecipitationenvelopefor that

yearandthecontrolprecipitationenvelope.Theimpactof theprecipitationforcingis
measuredby theratioof thevariancesof thesetwo setsof solutions(Figure 14). For

1983,the impactof theprecipitationvariabilityis to reducetheresponseby morethan25%

(comparedwith thecontrolprecipitationenvelope)overmuchof thePacific/North

Americanregion. Reducedvariabilityextendsacrossmuchof thewesterntropicalPacific
andSouthPacific. A substantialincreasein variabilityoccursprimarily overtheeastern

tropicalPacific(a factorof 2 locally),with smallerincreasesovertherestof thetropics,

especiallyovertheIndianOcean.For 1989,the impactof theprecipitationvariabilityon

theextratropicsis largelyoppositeto thatfor 1983.An increasein variability of more25%
oversovermuchof thePacific/NorthAmericanregion.Reducedvariability is largely

confinedto thecentralandeasterntropicalPacific(overthecoldwatersof LaNina)and

regionsextendingpolewardsandeastwardsacrosstheeasternUnitedStatesandthe

southerntip of SouthAmerica.

Figure 15showstheimpactof thebasicstatein away thatallowsusto directly compare
theresultswith theprecipitationenvelopesolutions.In thiscase,solutionsarecompared
for differentbasestates(eachyearis comparedagainstthecontrolbasestate)but,instead

of usingtheglobalwhitenoiseforcingaswedid previouslyin Figure11, bothusethe

controlprecipitationenvelope.Theimpactof the 1989basestate(Figure15b)ismuch

largerthantheimpactof the 1983basestate(Figure15a),consistentwith ourearlierresults
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with thewhitenoiseforcing. The 1989basestatesolutionshavevariabilitymorethana

factor2 largerthanthecontroloveranumberof regionsof thePacific,NorthAmericanand
theNorthAtlantic,coincidingwith thedominanteigenmode(Figure12a).For 1983,

varianceis increasedovertheNorthandSouthPacific,andmuchof theAtlantic.

ComparisonwithFigure 14showsthattheimpactof the 1989basestateoverthe
Pacific/NorthAmericanregionismuchlargerthantheimpactof thedifferencesin the

precipitationvariability.

Wenextconsiderthe impactof interannualdifferencesin theAGCM's submonthly

transientson theextratropicalmeanresponse(Figure3). In thiscase,anenvelopeis

appliedto thebaselineforcingbasedon thestandarddeviationof thesubmonthlyvorticity
flux divergence(notshown). Specifically,therandomnumbersaremultipliedby the
standarddeviationof thevorticity flux divergenceequatorwardof 60°. Comparingthe

result(Figure16a)of forcingthe 1983basicstatemodelwith forcingdistributionsbased

oncontroland1983vorticity flux divergenceenvelopes,we find theimpactin the

extratropicsis typically lessthan30%,withgenerallyreducedvariabilityoverthe

Pacific/NorthAmericanregion. Theimpactis substantialfor the 1983basestate(Figure

16a)only in theeasterntropicalPacificwheretheimpactexceeds50%(seealsoFigure

14a). A similarcalculationusingthe1989basicstateand1989vorticity flux distribution

indicates(Figure16b)thechangein thevarianceof vorticity fluxesin thatyeartoomay
havemadeasmallcontributionthemidlatitudelow-frequencynoisefoundin thatyear. We

notethatthisdoesnotruleout thepossibilitythatdifferencesin thestructureof the

transientscouldbeimportant,thoughwedonotconsiderthatpossibilityhere.

5. Summary and Conclusions

In this study we examined how the uncertainty in extratropical seasonal mean forecasts is

impacted by interannual differences in the background state, tropical forcing, and

subseasonal transients, associated with the 1983 E1 Nino and 1989 La Nina events. The

analysis was based on two sets (one for each year) of 27 hindcasts generated from 15

December perturbed initial conditions, using the GEOS-2 atmospheric general circulation

model (AGCM) and sea surface temperatures (SSTs) specified from observations. The

forecast uncertainty or noise was estimated from the intra-ensemble variability of the 27

January-February-March (JFM) mean hindcasts. A stochastically-forced barotropic model

linearized about the AGCM's 1983 and 1989 base states was used to further assess the

mechanisms modulating the uncertainties in the seasonal forecasts.
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Theresultsshowthattherearepronounceddifferencesin themagnitudeof theextratropical

seasonalmeannoiseduringthesetwo years. TheNorthPacific, in particular,shows

extensiveregionswherethe 1989JFM meannoisekineticenergy(SKE)is morethantwice
thatof the 1983forecasts.Thesedifferencesin variability arehighlysignificantandreflect

the largecontributionof thePacific/NorthAmerican(PNA) patterntothenoiseof the1989

JFM hindcasts.A diagnosticanalysisof theSKEshowsthatthe largerNorthPacific
valuesin 1989areassociatedwith a largerbarotropicconversionof kineticenergyfrom the

meanPacificjet to theseasonalmeannoise.During 1983,both the SKEandconversion
overtheNorthAtlanticarelargerthanin 1989.TheincreasedPNA variabilityand

generationof SKEby themeanflow during1989areconsistentwith theresultsof Chen
andVandenDool (1997). That studyshowedthatblocking anddeeptroughflows

developtwiceasoftenovertheNorthPacificduringLa Ninawinterscomparedwith El

Nino winters.Theyalsofoundanimportantcontributionto the low frequencyvariability

fromhighfrequencytransients(in high latitudes):thecurrentresultssuggestaminorrole
for thesetransients. It is unclearwhetherthesedifferencesrepresentmodeldeficienciesor

whethertheyareindicativeof samplingvariability.

As mentionedearlier,thecurrentmodelhasaratherweakENSOresponse,andwemust

questionwhetherthat leadsto unrealisticnoiseestimates.Comparisonsof thenoisein the
GEOS-2AGCM with thatof five otherAGCMs (Shuklaet al. 2000)suggests,however,

thatthatis not thecase. In fact, theGEOS-2noiseestimatesarecomparableto thoseof

severalothermodelswith considerablystrongerENSOresponsesoverthePacific/North

Americanregion. Nevertheless,theissueof modeldependenceis animportantconcern.
Kumaret al. (2000)examinedfourdifferentAGCMsandfounda significantbut small

decreasein variabilityovertheNorthPacificfor warmENSOconditionsandlittle change

for coldconditions. Thatstudy,however,wasbasedon acompositeof all warm and

coldeventsduring1950-94.Wesuggestthatthesmallerimpactfoundin thatstudymaybe

in parttheresultof compositingeventswithdifferentseasonalmeanextra-tropical

responses(e.g. PalmerandMansfield1986),andthereforedifferentmeanflow kinetic

energyconversions.Sardeshmukhet al. (2000),for example, foundanincreasein
variabilityin thegeopotentialheightresponseovertheNorthPacificfor boththe1989cold

and1987warmeventcomparedwithneutralENSOconditions.Clearly,furtherwork is

neededto sortoutdifferencesin variabilityresultingfrom modeldifferences.

Our analysisof thetimescalesof theseasonalmeannoisesuggeststhatthenoiseis not

generatedatthesevery long(seasonal)timescales,but thatit is for themostpart
statisticallyindistinguishablefromvariabilitythatis uncorrelatedfromonemonthto the
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next. This interpretationof theseasonalmeanvariaibiltiyasa statisticalresidueof shorter

timescalesis furthersupportedby thesimilarityof thekineticenergyconversions

computedfromtheseasonalandmonthlydata.

Theimportanceof thedifferencesin thebasestatesin thegenerationof SKEwas
confirmedwith thelinearmodel. Whenforcedgloballywith homogeneous,spatially-white

noise,the linearmodelgeneratesvarianceovertheNorthPacificfor the1989basestatethat

is morethanafactorof two largerthanfor the 1983basestate.The 1989variabilityis

dominatedbya singleeigenmode,andit isstronglycoupledwith forcingoverthetropical
westernPacificandtheIndianOcean.A similarcouplingto thetropicsis foundin the

AGCM results,whichfor 1989showastrongcovariancebetweenthePNA and

precipitationanomaliesin thewesternPacificandIndianOcean.Wenotethatanumberof

previousstudieshaveidentifiedperturbationsin thewesternPacificandIndonesianregions

asbeingparticularlyefficientat excitinganextratropicalresponse(e.g.,Simmonsetal.

1983).

In additiontodifferencesin thebasestates,theSKEis alsopotentiallyimpactedby

interannualdifferencesin theintra-ensemblenoisein thetropicalforcingandsub-monthly

transients.Theimpactof thetropicalforcingwasexaminedin the linearmodelby

modifyingthevarianceof theglobalwhitenoiseforcingto includeanenvelopebasedon
theAGCM JFMintra-ensembleprecipitationvarianceequatorwardof 20°. Theresults

showamodestimpactovertheNorthPacificandNorthAmerica,withabouta 25%
reductionin variancefor 1983anda25%increasein variancefor 1989comparedwith the

control. Theimpactof thesubseasonaltransientswasdeterminedby applyinganenvelope

to thewhitenoiseforcingbasedon thevarianceof theAGCM submonthlyvorticity flux

divergenceequatorwardof 60°. Theseresultsalsoshowonly amodestimpactoverthe
NorthPacificandNorthAmerica,with abouta20%reductionin variancefor 1983anda

20%increasein variancefor 1989comparedwith thecontrol. Forboththeprecipitation

andsubmonthlytransients,thegreatestimpactonthevariabilityis confinedto thetropical
centralandeasternPacific. We notethatNewmanet al. (1997)suggestthatit is important

to includethespace-timestructureof theforcingto obtainimprovedbarotropicmodel

predictionsof thewintertimeflow, thoughthatis notconsideredhere.

Weconcludethattheincreaseduncertaintyin theGEOS-2AGCM seasonalmeanforecasts

during1989comparedwith 1983is largelydueto thedifferencesin thebasicstate. While

theseresultsaregenerallyconsistentwith observations(ChenandVandenDool 1997),

theymustbetemperedbythefactthatthereisconsiderablemodeldependencein thenoise
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andsignalin seasonalforecasts(e.g.Shuklaet al.2000). Ourresultsfurthersuggestthat,

in view of the largedifferencesin theextratropicalmeanresponseto ENSO events,the

analysisof compositeeventscangiveamisleadingpictureof theuncertaintiesassociated
withENSOforecasts.Progressin thisareawill requiremorediagnosticstudiesof
individualENSOeventsbasedonensemblesof seasonalforecastssufficientlylargeto

obtainreliableestimatesof secondorderstatistics.
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List of Figures

Figure 1: Three arbitrarily chosen JFM mean streamlines at 200mb for all 27 ensemble

members of the AGCM hindcasts (thin dashed lines) and the observations (thick dashed

lines) for a) 1983 and b) 1989. The dominant EOF of the 200rob stream function of the

AGCM JFM mean noise for c) 1983 and d) 1989. The heavy lines in c) and d) show the

ratio of the 1989 JFM noise variance to the 1983 JFM variance. Contour levels show the

10%, 5%, 1% and 0.2% two-sided significant levels (solid lines indicate regions where

1989 variance is larger than 1983 variance, and dashed lines indicate the reverse).

Figure 2: Submonthly variance of the 200mb stream function for JFM computed from the

GEOS-1 reanalyses for a) 1983 and b) 1989. The AGCM submonthly JFM variance of the

200mb stream function averaged over the 27 hindcasts for c) 1983 and d) 1989. Units are

(m2/sX 106) 2.

Figure 3: Intra-ensemble standard deviation of the submonthly variance of the 200mb

stream function for JFM computed from the 27 AGCM hindcasts for a) 1983 and b)

1989. Units are (m2/sX106) :.

Figure 4: JFM ensemble mean seasonal mean noise kinetic energy (SKE) computed from

the 27 AGCM hindcasts for a) 1983 and b) 1989. Units are (m/s) 2.

Figure 5: The AGCM ensemble mean JFM 200rob zonal wind with superimposed E-

vectors (m/s) 2 of the seasonal mean noise at 200mb for a) 1983 and b) 1989, and the mean

flow generation term (m2/s:lday) for c) 1983 and d) 1989. The contour levels in a) and b)

are 10m/s. Values greater than 30m/s are shaded. In c) and d) the heavy contour is a

repeat of the 30 m/s contour of the zonal wind field for each year. The light shading

indicates values less than -5 mZls2/day, and the dark shading indicates values larger than 20

m2/s:/day.

Figure 6: The generation of SKE for 1983 by a) the sub-monthly transients and c) the short

period transients (periods< 10 days), b) and d) are the same, but for 1989. Units are

(m/s)Z/day.

Figure 7: One third of the ensemble mean monthly mean noise kinetic energy at 200mb for

a) 1983 and b) 1989. Units are (m/s) 2. Values greater than 10 are shaded. The ratio of the
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actual to the predicted (1/3 the monthly) ensemble mean seasonal mean noise kinetic energy

for c) 1983 and d) 1989. Values less than 0.8 and greater than 1.4 are shaded

Figure 8: Generation of monthly mean noise KE (MKE) for 1983 by a) submonthly

transients and c) the mean flow. b) and d) are the same, but for 1989. Units are

(mls)2/day.

Figure 9: The dominant SVD of the JFM mean precipitation and 200mb stream function

noise (intra-ensemble variability) for a) 1983 and b) 1989. The percentages are the fraction

of the covariability between the precipitation and stream function explained by each mode.

Units are arbitrary.

Figure 10: Global distribution of the AGCM JFM ensemble mean 200mb zonal wind (m/s)

and the JFM stream function noise (intra-ensemble standard deviation, mZ/sXl06) for a)

1983, b) 1989 and c) 1980-95. The values in c) are based on 9-member ensembles for

each year. The 1983 and 1989 values are based on 27 ensemble members.

Figure 11: Standard deviation of the stream function from the linear model solutions with

global white noise forcing for a) the 1983 base state, b) the 1989 base state, and c) the

control (1980-95) base state. Contour intervals are the same in each panel but arbitrary.

Figure 12: a) The dominant eigenmode of the linear model for the 1989 base state. The

dominant SVD of b) the stream function and c) the forcing for the 1989 base state with

white noise forcing. Contour intervals are arbitrary.

Figure 13: The global distribution of the AGCM noise (intra-ensemble variance) of the

JFM precipitation based on a) the 27 ensemble members for 1983, b) the 27 ensemble

members for 1989, and c) the 9-member ensembles covering the period 1980-95. Units

are (mm/day) 2.

Figure 14: Results from the linear model showing the impact of the AGCM precipitation

envelopes applied to the global white noise forcing equatorward of 20 °. a) the ratio of the

variance of 1983 base state with the 1983 precipitation envelope solutions to the variance of

the 1983 base state with the control (1980-95) precipitation envelope solutions, b) the ratio

of the variance of 1989 base state with the 1989 precipitation envelope solutions to the

variance of the 1989 base state with the control (1980-95) precipitation envelope solutions.
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Figure 15: Results from the linear model showing the impact of the AGCM base states. In

all runs the AGCM control precipitation envelope is applied to the global white noise

forcing equatorward of 20 °. See text for details, a) the ratio of the variance of the solutions

with the 1983 base state to the variance of the solutions with the control base state, b) the

ratio of the variance of the solutions with the 1989 base state to the variance of the solutions

with the control base state.

Figure 16: Results from the linear model showing the impact of the AGCM submonthly

vorticity flux divergence envelope applied equatorward of 60 °. See text for details, a) the

ratio of the variance of 1983 base state with the 1983 vorticity flux divergence envelope

solutions to the variance of the 1983 base state with the control (1980-95) vorticity flux

divergence envelope solutions, b) the ratio of the variance of 1989 base state with the 1989

vorticity flux divergence envelope solutions to the variance of the 1989 base state with the

control (1980-95) vorticity flux divergence envelope solutions.
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Figure 4: JFM ensemble mean seasonal mean noise kinetic energy (SKE) computed from the 27 AGCM

hindcasts for a) 1983 and b) 1989. Units are (m/s)".
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Figure 10: Global distribution of the AGCM _ ensemble mean 200mb zonal wind (m/s) and the _ stream
function noise (intra-ensemb]e standard deviation, m2/sXl06) for a) 1983, b) 1989 and c) 1980-95. The values

in c) are based on 9-member ensembles for each year. The 1983 and 1989 values are based on 27 ensemble members.
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Figure 11: Standard deviation of the stream function from the linear model solutions with global white noise forcing

for a) the 1983 base state, b) the 1989 base state, and c) the control (1980-95) base state. Contour intervals are the

same in each panel but arbitrary.



90N

60N

30N

EQ

30S

60S

90N

60N

30N

EQ

30S

60S

90N

60N

30N

EQ

90S!
0

___-_ ,:. ;, _ ___ c) forcing

>,
, ' ' ", ',:-;i .... _" "" _ ....

i J

66E ;2'OE _BO _20W cow u

Figure 12: a) The dominant eigenmode of the linear model for the 1989 base state. The dominant
SVD of b) the stream function and c) the forcing for the 1989 base state with white noise forcing.

Contour intervals are arbitrary.
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Figure 13: The global distribution of the AGCM noise (intra-ensemble variance) of the JFM

precipitation based on a) the 27 ensemble members for 1983, b) the 27 ensemble members for

1989, and c) the 9-member ensembles covering the period 1980-95. Units are (mm/day) 2.
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Figure 14: Results from the linear model showing the impact of the AGCM precipitation envelopes

applied to the global white noise forcing equatorward of 20 °. a) the ratio of the variance of 1983 base

state with the 1983 precipitation envelope solutions to the variance of the 1983 base state with the control

(1980-95) precipitation envelope solutions, b) the ratio of the variance of 1989 base state with the 1989

precipitation envelope solutions to the variance of the 1989 base state with the control (1980-95) precipitation

envelope solutions.
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Figure 15: Results from the linear model showing the impact of the AGCM base states. In all runs

the AGCM control precipitation envelope is applied to the global white noise forcing equatorward of 20 °.

See text for details, a) the ratio of the variance of the solutions with the 1983 base state to the variance

of the solutions with the control base state, b) the ratio of the variance of the solutions with the 1989

base state to the variance of the solutions with the control base state.
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Figure 16: Results from the linear model showing the impact of the AGCM submonthly vorticity flux

divergence envelope applied equatorward of 60 °. See text for details, a) the ratio of the variance of 1983
base state with the 1983 vorticity flux divergence envelope solutions to the variance of the 1983 base state

with the control (1980-95) vorticity flux divergence envelope solutions, b) the ratio of the variance of

1989 base state with the 1989 vorticity flux divergence envelope solutions to the variance of the 1989

base state with the control (1980-95) vorticity flux divergence envelope solutions.


